Abstract: Calorie restriction (CR) via manipulating dietary carbohydrates has attracted increasing interest in the prevention and treatment of metabolic syndrome. There is little consensus about the extent of carbohydrate restriction to elicit optimal results in controlling metabolic parameters. Our study will identify a better carbohydrate-restricted diet using rat models. Rats were fed with one of the following diets for 12 weeks: Control diet, 80% energy (34% carbohydrate-reduced) and 60% energy (68% carbohydrate-reduced) of the control diet. Changes in metabolic parameters and expressions of adiponectin and peroxisome proliferator activator receptor γ (PPARγ) were identified. Compared to the control diet, 68% carbohydrate-reduced diet led to a decrease in serum triglyceride and increases inlow density lipoprotein-cholesterol (LDL-C), high density lipoprotein-cholesterol (HDL-C) and total cholesterol; a 34% carbohydrate-reduced diet resulted in a decrease in triglycerides and an increase in HDL-cholesterol, no changes
Introduction
Metabolic syndrome (MetS) is a collection of medical conditions that can lead to obesity, diabetes, cardiovascular disease and hypertension. The prevalence of MetS is on a rapid rise due to the shifted paradigm of diet and lifestyle and thus has afflicted many people worldwide. It is well known that calorie restriction (CR) improves some markers of MetS [1] [2] [3] , such as blood pressure, blood glucose and plasma cholesterol, as demonstrated in a number of animal models, and humans [3, 4] .
Besides functioning as primary energy storage reservoirs, adipose tissue also acts as an endocrine organ secreting numerous protein hormones into the circulation [5] . It was reported that a reduction in White Adipose Tissue (WAT) via CR is likely to change the levels of its secreted hormones. Among all the WAT depots, Visceral Adipose Tissue (VAT) is closely related in particular to MetS and thus is a pathogenic fat depot [6] . The VAT compartment secretes adipokines and cytokines that are predisposed to the development of metabolic traits [7] . Adiponectin is an adipokine and mainly expressed in adipose tissues. Adiponectin has been shown as an insulin-sensitive hormone that participates in the regulation of glucose and lipid metabolism. It was found that adiponectin levels rise during CR [8] .
Several elements are capable of modulating adiponectin gene expression, most notably peroxisome proliferator activator receptor γ (PPAR-γ) [9] , which is expressed in adipose tissues. A response element of PPARγ was discovered on the promoter of adiponectin gene [10] . Treatment with PPARγ agonists induced adiponectin synthesis during adiponeogenesis [11] [12] [13] . PPARγ can also be upregulated by CR through its antioxidative action [14, 15] .
The beneficial effect of CR on prevention and treatment of MetS has been widely recognized. The optimal CR diet, however, remains to be identified. Among all the CR diets, CR via manipulating dietary carbohydrate content has attracted increasing interest due to its effectiveness on weight loss, glycemic control, insulin sensitivity and the management of cardiovascular risk factors [16] . However, there is little consensus about the extent of dietary carbohydrate restriction to elicit the optimal result in controlling metabolic parameters. In the present study, 12-week CR by varying dietary carbohydrate content (80% or 60% energy (34% or 68% carbohydrate reduction) of the control diet) was employed in Wistar rats to investigate the changes in metabolic parameters and expressions of adiponectin and PPARγ.
The results of the study will provide a new perspective and new scientific evidence for the prevention and treatment of MetS.
Experimental Section

Animals and Diets
Thirty-six male Wistar rats (two months old, body weight 240-260 g) were obtained from a local supplier for laboratory animals (Laboratory Animal Center of Hubei Province; Wuhan, China). Rats were housed individually under laboratory conditions (12 h day and night lighting cycle, 22 °C ± 2 °C, 50% ± 10% humidity). All experimental protocols were reviewed and approved by Tongji Medical College Council of Animal Care Committee. Rats were randomly assigned into three different groups, ad libitum group (AL group; n = 12), calorie restriction group 1 (CR1 group; n = 12) and calorie restriction group 2 (CR2 group; n = 12). All rats had ad libitum access to drinking water.
Rat chow diets were prepared based on the Association of Official Analytical Chemists (AOAC) and AIN-93G formulas to meet the nutrient and energy requirements for the growth and development of rats [17] . Rats were fed with these diets for 12 weeks. AL group had ad libitum access to the feed whereas CR1 and CR2 group were maintained on a CR regimen with daily access to 80% and 60% of the calorie intake of AL group, respectively (Table 1) . Starch was the only nutrient reduced from diets to achieve calorie restriction for CR1 and CR2 groups whereas the amount of other nutrients provided were at the same level as those in the AL group to ensure sufficient nutrients were provided to maintain normal growth of rats. As starch constitutes 58.5% (w/w) of the control diet, 80% and 60% CR correspond to 34% and 68% carbohydrate reduction in CR1 and CR2 group, respectively. The amount of feed consumed by each rat was recorded daily and body weights of rats were monitored weekly. At the end of the 12-week study, rats fasted for 10 h overnight and blood samples were collected. Rats were then sacrificed by decapitation. Serum samples were obtained from all blood samples promptly after blood collection and stored at −80 °C. The peri-epididymal and perirenal adipose tissues were obtained, weighed and frozen immediately in liquid nitrogen prior to storage at −80 °C. 
Biochemical Measurements
Commercial ELISA kit (R & D Systems, Minneapolis, MN, USA) was used to measure serum adiponectin at the baseline and at the end of the study. Fasting blood glucose, fasting serum insulin, serum total cholesterol, fasting triglyceride and serum high density lipoprotein cholesterol (HDL-C) were determined by enzymatic colorimetric analysis using commercialized kits purchased from BioSino Bio-technology and Science Inc., Beijing, China. All the measurements were performed using an automatic enzymatic analyser (BioTek SpectraMax M2, Winooski, VT, USA). Triglyceride level was measured using glycerol-3-phosphate oxidase-p-aminophenazone (GPO-PAP) method. Total cholesterol was determined using cholesterol oxidase-p-aminophenazone (CHOD-PAP) method. After precipitation of very-low-density lipoprotein (VLDL) and low-density lipoprotein cholesterol (LDL-C), HDL-C was measured, as well. Serum LDL-C were then obtained based on Friedewald equation, in which, LDL-C = Total Cholesterol − (Triglyceride/5 + HDL-C) [18] . Blood glucose level was determined by glucose oxidase method. Insulin level was determined with a commercialized radioimmunoassay kit. Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was calculated based on the relationship between fasting plasma glucose and insulin: HOMA-IR = fasting plasma glucose (mmol/L) × insulin (mIU/L)/22.5 [19] .
Semiquantitative Reverse Transcriptase Polymerase Chain Reaction
Total RNA of the epididymal adipose tissue was extracted using Trizol reagent (Promega, Madison, WI, USA). The concentration of RNA was determined using nucleic acid analyser (Eppendorf, Germany). RNA (3 μg) was reverse transcribed in a 25 μL reaction system into complementary DNA which was then amplified using polymerase chain reaction (PCR). The following primers were used for PCR: 5′-TCCCTCCACCCAAGGAAACT-3′ (sense) and 5′-TTGCCAGTGCTGCCGTGATA-3′ (antisense) for adiponectin; 5′-CATCACTATCGGCAATGAGC-3′ (sense) and 5′-GACAGCACTGT GTTGGCATA-3′ (antisense) for β-actin; 5′-TCCGTGATGGAAGACCACTC-3′ (sense) and 5′-CCCTTGCATCCTTCACAAGC-3′ for PPARγ. β-actin served as a loading control.
All PCR reactions contained 0.2 mmol/L dNTP (deoxyribonucleotide triphosphate), 1. PCR products were subjected to electrophoresis in 1.5% agarose gels and the results were analyszed by gel imaging and analysis system (Biometra, Göttingen, Germany). The expression levels of adiponectin mRNA and PPARγ mRNA were shown using the absorbance ratio of target mRNA and β-actin mRNA.
Statistical Analysis
All the data were analysed using one-way ANOVA followed by Least Significant Difference (LSD)-test with SPSS version 12 software (SPSS Inc., Chicago, IL, USA). Transformation was applied to correct for unequal variances. Pearson correlation coefficient was used to analyze the linear relationship between adiponectin mRNA level and different parameters, i.e., body weight, blood glucose, total cholesterol, triglyceride, HDL-C and insulin. Similar tests were applied to analyze the linear relationship between PPARγ mRNA level and those parameters. In all tests, a value of p ≤ 0.05 was considered statistically significant.
Results
Calorie Intake and Body Weight
Average calorie intakes of all three groups demonstrated a similar decreasing trend over the 12-week feeding period due to decreased growth rates of rats with maturation ( Figure 1 ). In good agreement with the study design, the ratio of total calorie intake of AL, CR1 and CR2 groups during the feeding period was calculated as 100:81:61. Average calorie intake of rats across all groups was shown to be higher at the beginning of the study when rats were fast-growing and then slowly decreased to a plateau with decreasing growth rates of rats. One-way ANOVA followed by LSD-test was used to detect significant differences of the means of the body weights at the end of the study ** p < 0.001.
The effect of CR on body weights of rats was found to be significant (Figure 2 ). Compared to the control group AL, growth rates of rats in CR1 and CR2 group were much slower. Our results indicated that significant differences of body weights of rats among groups were detected in Week 4 (p < 0.05) and the differences were greater towards the end of the study (p < 0.001).
Figure 2.
Change of body weights of rats from three groups over the 12-week feeding period. One-way ANOVA followed by LSD-test was used to detect significant differences of the means of the body weights at the end of the study ** p < 0.001.
Changes in Metabolic Parameters
Both 80% (CR1) and 60% (CR2) calorie-restricted diets led to a significant decrease in triglyceride as compared to control diet (AL) (p < 0.05; Table 2 ). However, total cholesterol was found increased in CR2 group (p < 0.05) whereas no change was observed in CR1 when compared to AL group (p > 0.05; Table 2 ). Though HDL-C in CR1 and CR2 groups were higher than those in AL group (p < 0.05), no significant differences were observed in the ratios of total cholesterol to HDL-C among all the groups (p > 0.05). The effect of CR on LDL-C resembled that on total cholesterol which LDL-C increased only in CR2 group (p < 0.05). No significant difference was detected in blood glucose among all groups (Table 2 ). Insulin levels decreased by CR which was significant in CR2 compared to AL (p < 0.05). Insulin resistance, as presented as HOMA-IR, significantly decreased with increased levels of CR (p < 0.05). All groups demonstrated a similar level of serum adiponectin at the beginning of the study (Figure 3 ). At the end of the study, serum adiponectin was only significantly increased in CR2 group but not in AL and CR1 groups. Figure 3 . The effect of calorie restriction on serum adiponectin. Serum adiponectin showed no significant difference among all three groups at the beginning of the study. During the 12-week period, only CR2 group demonstrated a significant increase in serum adiponectin level as compared to the baseline. One-way ANOVA followed by LSD-test was used to detect significant differences of the means, * p < 0.05.
CR also led to a decrease in mass of visceral adipose tissue (Table 3) . At the end of the 12-week study, wet weights of VAT and its percentage to the total body weight in CR groups were significantly lower than those in AL group (p < 0.05). As compared to CR1 group, further calorie restriction in CR2 group resulted in a significantly lower visceral fat mass (p < 0.05). 
Gene Expression
Results obtained from RT-PCR indicated that the expression levels of adiponectin mRNA and PPARγ mRNA in CR groups were significantly higher than those in AL group (Figure 4) . Within two CR groups, adiponectin and PPARγ mRNA levels in CR2 group were significantly higher than those in CR1 group (Figure 4(A2,B2) ).
Correlation Analysis
Pearson correlation analysis was performed for mRNA levels of adiponectin, PPARγ with different serum parameters (Table 4) . Results showed that no correlation was detected between adiponectin, PPARγ mRNA levels, total cholesterol (p > 0.05), and fasting glucose (p > 0.05). However, adiponectin, and PPARγ mRNA levels were positively associated with HDL-C (p < 0.05) and inversely correlated with body weight (p < 0.05), triglyceride (p < 0.05) and fasting insulin (p < 0.05). , B1) demonstrate the expression levels of mRNA of β-actin, adiponectin and PPARγ, respectively, quantified by RT-PCR. The expression levels (absorbance) of mRNA of adiponectin and PPARγ were then normalized against those of β-actin (served as loading control) (A2, B2). One-way ANOVA followed by LSD-test was used to detect significant differences of the means, * p < 0.05. 
Discussion and Conclusions
MetS represents a cluster of conditions including glucose intolerance, hypertension, dyslipidemia, and insulin resistance. CR via carbohydrate reduction has elicited a great deal of interest among nutritionists because studies have shown that carbohydrate restriction can improve biological markers that define MetS. In the present study, we conducted a 12-week CR with different levels of carbohydrate reduction in healthy Wistar rats to investigate the changes in MetS-associated biomarkers as well as the expressions of insulin-sensitive adiponectin and its regulator PPARγ.
Body weight and peripheral adipose tissues (Table 3) in CR groups were significantly lower than the AL group and the change of these parameters were inversely associated with the degree of CR. VAT is associated with the development of insulin resistance, glucose intolerance, dyslipidemia and hypertension, whereas subcutaneous adipose tissue is not [21] [22] [23] [24] . The study conducted by Gerbaix et al. has validated that removing perirenal and peri-epididymal adipose tissue in rats appears to be more representative of visceral fat mass as dissection of mesenteric and subcutaneous fat is challenging [20] . Hence, in the present study, visceral fat mass was evaluated as the total weight of perirenal and peri-epididymal adipose tissue (Table 3 ). Our result indicated that CR via carbohydrate reduction lowered visceral fat mass markedly, even when presented as visceral fat mass %, suggesting the potential beneficial effect of CR via carbohydrate reduction on fat distribution and insulin sensitivity in Wistar rats.
Consistent with the results obtained by previous studies involving carbohydrate restriction [25, 26] , a 68% carbohydrate reduction in CR2 group led to a significant decrease in serum triglyceride and significant increases in LDL-C, HDL-C and total cholesterol as compared to AL group. Our result suggested that in contrast to traditional carbohydrate restriction diets with a low percentage of carbohydrate or even ketogenic diets, our CR diet with 34% carbohydrate reduction was better at improving lipid profiles, as it not only resulted in an increase in HDL-C and a reduction in triglyceride, but also maintained LDL-C at the same level as those fed with control diets, thereby maintaining the total cholesterol at the same level. Decreases in plasma triglyceride by carbohydrate-restricted diet might be the result of downregulation of hepatic de novo lipogenesis [16, 26, 27] . In addition, carbohydrate restriction might increase muscle lipoprotein Lipase (LPL), thus enhance triglyceride clearance. Increased tissue expression and activity of LPL may partially explain increases in HDL-C in our experimental groups. Increased LPL-mediated catabolism of triglyceride-rich lipoproteins resulted in transfer of unesterified cholesterol, apoprotein and phospholipid to form mature HDL-C [16, 26, 27] .
It is reported that long-term CR leads to an alteration of glucose homeostasis in humans [16] and rats [15, 28, 29] , resulting in decreased glycemia and insulinemia. Nevertheless, our results demonstrated unchanged plasma glucose in CR groups as compared to the AL group. This finding may be owing to the relatively short experimental period (12-week) and the moderate CR in the present study. When the ingested carbohydrates fail to meet the energy needs of the body, the body starts to mobilize glucose from glycogen storage pools for energy supply, and continues to maintain blood glucose level via gluconeogenesis. The low glycogen storage stimulates insulin action in the body. In good agreement with previous studies [15, 28, 29] , fasting insulin level in the present study demonstrated a decreasing trend with CR but only showed marked reduction in CR2 group. HOMA-IR also manifested a decreasing trend and significant reduction in HOMA-IR was observed in both CR1 and CR2 groups. Maintaining relatively low levels of fasting insulin and HOMA-IR is shown to be beneficial for the prevention and treatment of diabetes.
Adiponectin is considered to have antiatherogenic and antidiabetic effects [30] . In accordance with the findings obtained by Zhu et al. [31] and Sung et al. [14] , our results suggest that though serum adiponectin level was only significantly elevated by 60% calorie-restricted diet, gene expression levels of adiponectin and PPARγ in adipose tissues were proportionally elevated with increased degree of energy restriction (Figures 3 and 4 )-lower energy intakes led to higher expression levels. A high level of adiponectin predicts good insulin sensitivity and improves lipid and glucose metabolism [32, 33] . Activation of PPARγ can induce the synthesis and secretion of adiponectin as a response element of PPARγ was discovered on the promoter of adiponectin gene [10] . CR might activate PPARγ and thus up-regulate the gene expression of adiponectin. Our result indicated that decreased insulin and HOMA-IR achieved by CR might be a result of increased adiponectin. Consistent with previous findings [7, 34] , our results demonstrated a significant inverse relationship of VAT adiponectin mRNA level and triglyceride and a significant positive relationship of adiponectin mRNA and HDL-C (Table 4 ). The present study additionally showed a significant association of PPARγ mRNA with triglyceride and HDL-C. Our correlation analysis suggested that elevated gene expression of adiponectin and PPARγ might lead to elevated level of HDL-C and reduced level of serum triglyceride.
Both low-carbohydrate CR diet [16, 35] and low-fat, high-carbohydrate diet [36] have been proposed for the prevention of MetS. Despite the fact that a low-fat, high-carbohydrate diet has been advocated for controlling weight [37] , a low-carbohydrate CR diet has gained in popularity. Although the low-fat, high carbohydrate diet was better at reducing total cholesterol and LDL-C [26] , it is controversial [38] , because it raises plasma triglycerides [39] and may adversely affect LDL composition [40, 41] . The greater the amount of carbohydrates that are substituted for fat, the greater the increase in triglycerides [42] . Increasing evidence has pointed to the role of triglycerides in atherogenic risk [43] . Consumption of a low-carbohydrate CR diet, however, as shown in our present study and numerous previous studies, resulted in a reduction in triglycerides due to lack of substrates for triglyceride synthesis in liver. In addition, elevated levels of HDL-C were observed in subjects on low-carbohydrate CR diets [16, 44] , whereas HDL-C declined in subjects on low fat, high-carbohydrate diets [45] . The elevated HDL-C and reduced triglycerides in plasma are the advantages of a carbohydrate restricted diet over a high carbohydrate diet [24] .
The long-term low-carbohydrate CR diet, however, is difficult for patients to comply with. Studies have shown the efficacy of a moderate-carbohydrate CR diet in weight management and improvement of serum lipid profiles [46] . In addition, a moderate-carbohydrate CR diet is more acceptable to people for the prevention and treatment of type 2 diabetes, as a strict carbohydrate restricted diet is not required [47, 48] . In the present study, for the first time ever, we identified that a moderate-carbohydrate diet (34% carbohydrate reduction) is not only effective in raising gene expressions of adiponectin and PPARγ that potentially lead to better metabolic conditions but is also better in improving lipid profiles than a low-carbohydrate diet in rats. Our results suggest that a moderate-carbohydrate CR diet can be a new dietary intervention strategy for prevention and treatment of MetS.
There are certainly some limitations in this study. First, the investigation period (12 weeks) may be too short to predict long-term effects of CR on expression of adiponectin, PPARγ and serum parameters. Second, RT-PCR is a semiquantitative technique. Although our conclusions were based on the results of the adiponectin, PPARγ expression and other serum parameters, more quantitative techniques such as real-time PCR for mRNA or Western blotting for protein expression of adiponectin should be used in a future study. Finally, whether the conclusion drawn from rats in the present study can be extrapolated to other organisms, such as humans, remains to be determined.
